Current evidence strongly suggests that the extent of electrical dyssynchrony within the left ventricle is determined by the delayed intraventricular conduction time reflected by a prolonged QRS duration (QRSd) on the surface (ECG). However, in cardiac resynchronization therapy (CRT) follow-up algorithms, the QRSd on the post-operative ECG has been relatively less frequently addressed, although the baseline QRSd is accepted as an essential 'pre-operative' marker for patient selection and prediction of response to therapy. In this review, we discuss the clinical impact of post-implantation electrocardiographic parameters, such as the 'paced' QRSd and 'native' QRSd (assessed when the device is temporarily switched off) on the efficacy of therapy and on prediction of future outcomes after CRT.
Paced QRS duration in patients with heart failure
Given the strong evidence derived from the right ventricular (RV) pacing studies in heart failure patients, a prolonged QRSd on the paced ECG is associated with a poor outcome, including deterioration of LV function and the development of decompensation in heart failure (even in patients with previously normal systolic function). 6, 7 The investigators of the PREDICT-HF trial concluded that RV pacing-induced QRS prolongation reflected poor outcome in terms of worsening LV systolic function and increased rate of heart failure events. 7 The clinical association of RV pacing and worse outcomes in heart failure population is basically explained by the stimulation of 'iatrogenic' electrical dyssynchrony by means of deterioration of the intraventricular conduction resulting from the pacing-induced prolongation of the QRSd with a LBBB morphology.
The impact of QRS change induced by biventricular pacing
Previous reports investigating the association of paced QRSd and the outcome of CRT revealed similar results. Lecoq et al. evaluated CRT response in 139 CRT patients and found that shortening of the QRSd by biventricular pacing was the single reliable predictor for a positive CRT response. 5 The results of the PROSPECT trial also established that a positive outcome after CRT based on improved clinical composite scores and reductions in LV volumes were strongly related to the QRSd on the paced ECG, as well as the extent of QRS change induced by biventricular pacing. 8 Similarly, a retrospective study by Rickard et al.
revealed that QRS narrowing as indexed to baseline was significantly associated with reversed LV remodelling after CRT. and that a biventricularly paced QRSd >10 ms compared to the baseline value was predictive of persistent mechanical dyssynchrony after CRT.
Paced QRS duration and functional mitral regurgitation severity after cardiac resynchronization therapy
Functional mitral regurgitation (FMR) is a common clinical entity associated with poor prognosis in heart failure. 13, 14 CRT is a proven therapy that reduces the severity of FMR by positively interacting with the underlying mechanisms, such as the increased tethering forces (due to papillary muscle dyssynchrony and/or annular dilatation) and the impaired closing forces (due to reduced LV contractility and/or LV dyssynchrony). [15] [16] [17] Electrical resynchronization within the LV that subsequently results in reversal of LV/mitral remodelling and of LV/ papillary muscle dyssynchrony is the suggested mechanism of action that is associated with CRT-induced reduction in FMR. 17 
Native QRS duration following cardiac resynchronization therapy
Restoration of dyssynchronous electrical conduction within the HisPurkinje system by means of biventricular pacing has been proposed as the mechanism of action that correlates with the clinical and echocardiographic improvements after CRT. 21, 22 Reversal of electrical dyssynchrony with CRT is determined by the degree of narrowing of the native QRSd. Dizon et al. showed that CRT-induced loss of LBBB on the native ECG reflected improved electrical conduction that was subsequently associated with super-response to CRT suggesting that reversal of electrical remodelling is the main target of biventricular pacing in heart failure. 23 Narrowing of the native QRS duration as a marker of reversed electrical remodelling (RER) after CRT has been shown to correlate with favourable structural changes and CRT response in previous studies. 22, 24 Yang et al. assessed native conduction during the follow-up of 74 CRT recipients by programming the device pacing-off mode to obtain the spontaneous ECG. 22 They observed that patients with a narrowed intrinsic QRSd compared to baseline value seemed to derive more benefit in terms of CRT response and improvement in left ventricular ejection fraction. Similarly, Tereshchenko et al. reported that reversal of electrical remodelling was associated with improved survival and reduced arrhythmic events after CRT. 25 Reversal of the intrinsic electrical dyssynchrony induced by CRT is the suggested mechanism of action that triggers the reversal of both mechanical dyssynchrony and LV remodeling, leading to favourable clinical and echocardiographic outcomes after CRT. However, there is no uniform definition of reversed electrical remodelling in the litareture. 9, 22, 26 Current knowledge suggests that absolute narrowing of the intrinsic QRSd is a surrogate marker to assess improvement in native conduction induced by biventricular pacing therapy. Translation of the native QRSd into clinical practice has been recently searched by a prospective study in 110 CRT recipients. 37 The investigators showed that patients with "reversed electrical remodelling", in whom native
QRSd was narrowed compared to the baseline value, were more likely to benefit from CRT in terms of major outcome variables such as echocardiographic response, FMR improvement, hospitalisation and death at mid-term follow-up. However, given the lack of long-term data regarding the impact of native QRSd on prognosis, future randomised studies are warranted to establish a follow-up algorithm including the assessment of the native ECG after CRT.
Echocardiogram-based device optimisation
CRT optimisation is a step-by-step process that should be initiated at the time of device implantation by proper lead localisation. The LV lead is recommended to be implanted at the latest activated segment to induce electrical synchronicity. 27, 28 Areas of scar tissue should be avoided in order to achieve efficient pacing. [29] [30] [31] Apart from lead localisation, achievement of an almost 100% biventricular pacing rate is a major concern to derive benefit from CRT devices. 32, 33 The clinical conditions that impair high pacing rates, such as atrial fibrillation and ventricular ectopic beats should be routinely searched and treated during the followup of CRT recipients. 32, 33 Appropriate device programming regarding the atrioventricular (AV) and interventricular (VV) intervals is essential to achieve optimal diastolic filling and stroke volume that is associated with favourable outcomes after CRT. (especially the AV and VV intervals) routinely after implantation. 3 We strongly suggest that early post-operative evaluation of pacing intervals is mandatory and should be a part of routine follow-up assessment.
Given the proven benefit of targeting the narrowest possible QRSd on clinical outcomes after CRT, comprehensive baseline device optimisation combined with ECG-based assessment of the AV and VV delays is a reliable strategy to improve 'responsiveness' following CRT.
Conclusion
The failing heart, which exhibits delayed intra- Prognosis after CRT is closely related to the extent of resynchronization that can be simply reflected by the extent of QRS narrowing on the ECG.
Moreover, the native QRSd is a surrogate marker of reversed electrical remodelling induced by CRT that has prognostic implications.
In conclusion, the ECG (especially the QRSd) is the single most important clinical tool in the era of resynchronization for, not only selecting the CRT candidates, but also for device optimisation, assessment of efficient pacing, estimation of response, and determining prognosis.
Future CRT guidelines should provide recommendations on the routine assessment of 'paced' and the 'native' QRS durations in the follow-up algorithms of CRT recipients. ■
